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Al)st]act

~’ll{!acc{:l{:r:itolg].i{l i:) two-gri(l io]] o])tic.s  sys-
tc:IIIs i s  SIIl)tj(:Ct, to sl)lltt,cr (nosio]l I)y cllarg(!-
cxcl~aIlgc ions crcatcd i]] tllc! i(n) l) WIIII. 011(!
])ot(nlt, ial c]lgill(: ftiilllrc II)()(l{! is :Icc.{:lc:I./LtoI”
gricl  Strllcilll”nl  Colla])sc! dllc to W()/11.. A  ],rol,-
[il)ilist. ic ]I]od(!l  o f  a c c e l e r a t o r  gri(l scrvic(! lifk
ill wllicl]  lllic.(:l”t~lillt.ic:s  al)ollt ill])llt I)ar:tl]lct{!].s
HI”(: tr(wt(!(l qlm]t.itivdy rev(mls  tl];lt s(!l’vic.(:
lifk with accc!])tfi~l)l{ :f;tilll)(:l’isk is Sllorkr tllilll
d(!t(mlli]listic  [illalysis usi]]g IIol]lil]al  ])*IraIIl(!-
tx!r Vdll(!s  Suggcs.t 1’II(! N A S A  3 0 - c  II1 i(nl (! II-
gill{!  with lI)olyl  IdcIIuIIl grids lIas a very sII(IIL
scrvicc life at 4.(G5 kW7c  ill])llt ])owcr, altll(,llgll
dcrnti])g tllc tl]rl]stm to 2 .3  kWc or ~]sillg (:ar-
11011  gri(l lnat(!ria]s  CaII “

.s]glliflca]lt,ly II IC.IX::IS(:
lif(!. LJ]lc(!l’t:iillt.ic!s  allollt tllc! mwd(xl  g(x)l II(:-
t r y  Ht failllrc, tll(: ]Ict sl)lltt(:r y i e l d  aIId tl]c
ilil])illg(:]llc!lltl  im curr(!IIt ill s])am!  ar{! tll(: ])l*i-
IIlary risk driv{!rs. Eflorts to:tc(]l]il{!ll]{)l(:ill-
f{)rlllatio]l almlllt  tll(:s(: (Iriv(!l’s  aJI(l (I(:sig]l  illl-
])rov(ul~(!]lts  tlmt {lCCMWSC! tllc s])llttc:r [!rosi(nl
alIcl tlIc! r(x]llir(!(l sc!rvicc l i f e  lIavc! l)CCII illiti -
tltcd.

IIltlc)(lllctic)]l

lkauscoft])ci] IIigll s])cc.ific illlj)ulsea]ld lligll cf-
ficimlcy,  io]l cligillcs oflcr sigl]ifica]lt savi)lgs i]) sl)ace-
craf[ II IaSS a] Id, i]] ccrta ill caws, lri]) tillw. ‘J’llry
ar(, lwillg ccnlsidcrcd f o r  usc  ill a Illltlll)er  c)f (artll
orl~ital  al}])licatimls including stat io]l!icc])itlgj  orl)it-
raisitlg illl(l rc]msilio]lilig  as WC]] as ill ])lilllc’ttil’j’ ]llis-
sio]ls.  IIowcwr,  I)ccauw tlIcy arc  low tllrlls( dcvicw,

“’1’d)llical GIOIIII  lmadcr
iA4c111})~1.0f  ~])~ ‘J~~l,],ica}  Sfa([
~GmtlI,  Su]wls,isc,r

(h [iJOI’ll io

very  lo]lg]wriods ofo])cratio]l arc required to acllicvc
wscflll total i]t]])ulscs. l)urillg a  ty])ical Iilissio]l  alI
io]l C]lgillc would  IJC rcquird 10 olwrtrtc  rdial)ly for
tllousa]l(ls  of IIolll’s, ‘J’lIc ])rillliil’y  failure ]Iml]anisttl
idc]ltific(l  ill tw>gri(l io]l systcllls issJ)llt tcrerosio]l o f
tll(clc~}vl]strcalllgricl l)y io]l itl]]~illg;c]tlcllt.  A  dcscri]]-
t,ioll of tlte ])llysical  ]Jroccss  ilivolvcd  ill grid c]osio]l, a
gctlcral a])])roacll  to assessing s e r v i c e  life  l)rol)al)ilis-
tically,  ZIII(I  aII a])])licatio]l o f  this a])])roacll  t o  io]l
Cllgi]lc accelerator  (il CCCl) grid crmioll are ]~rcsclltcd
ill tlIc followill~.

Accd(:rt\tor  Grid 14;rosion l’lIc!l~oInclIa

A  (Ii:tgl:llll( ]ftllec lcctro(lcsy  stc]llill atwogri(lio]l
tllr(lstcrissllc,\\’tlill l~ig. (1). l)iscllargc io]ls])rc)(lllcccl
u]~strcdlll  are drawn tllrougll a slleatlt t h a t  forl]ls  at
tllec]ltrallce to tflc a]~crtr]rcsitl tllc scrcc]l  g r i d  and
arc acccleratc(l I)y all axial  e lectr ic  jIeld  ill t,]Ic itlter-
clcctro(lc gal). A rti(lial e lectr ic  f ie ld  ill this rcp;ioll
focllsscst  llcitl(lil’iclllal io]llwa]lllcts. ‘1’llcaccc]crator
grid  is l)iascd ]Icgativc r e l a t i v e  to the allll)ic]lt s])acc
])lastlla ],otc]ltial to])rcvc]lt clcctrolls t h a t  ]Icutralizc
tllc ]Irilllilryio]l  l~calll clc)lvllst r(,a]tl  c) ftllcc]lgillcf rc)lll
l);lckstlc:llll illgilltc) {llccli scllargecll allll)cr. ‘] ’lliscrc-
ates a IIcgativc ]mtcllt ial }vcII ~vllicll dccclcratcw tllc
])rililary io]l Iwatlllc-ts. ‘J’lIc IJca]lllcts arc a l s o  sull-
jcct tora(li:llcl cctricficl(lsitl tllisregioll wllicll  c a u s e
llICIII to (Ii}’crgc.

‘J’l Ic accc]  g r i d  lIIay lw ittq)actcd d i r e c t l y  ly ])ri-
]IIary  I)ca]llio]ls, allllougll  tllissol]r  ccc) fittl])illgc]llc]lt
currc]lt,  cal I Ilc ]~ractically clilllitlatcd I)y ]Ircq)er  dc-
sigll aIId o]jcratio]l o f  tllc ion o])tics. II I  additio]l, tllc
:ICCCI g;rj(] COIICC(S s l o w  jells gc])cratcd frcnl) ]Icmti-al

:,as  ill tllc i]ltcrclcctroclc  gal)  alId  do~v]lstrcalli  oftllc
gr id .  ll)sj)acc, tllcc]lg,itl(:i  stllco] llysc)llrccof llclltral
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rrgy, tlIc lIIasscs o f  tllc ions aIId t.~trgct dtm[ls, tlie
:surfacc  l~itldillg  c)lcrgy dlId tlI12 itlcidclll al Iglc, rcacll-
illga ]Iliixiillllln  value at ii jmrticular  ol)liquc alIglc [6].
11 d o t s  IIOt gcIIcIally dCIJCIId 011 tllr currclll (Icllsity,
I)ut  is a fullclioll  of tlIc  total d o s e .  ‘J’llis is lJrilll:lr-
ily duc to cl IaIIgcs  III tllc gcollic try as tile gr]d  wc;lrs,
IIlitially tllc il[l])ill,gc]l)c]lt  iol)s aIc IIOIIIIally il)cidc]]t
,011 a flat, surface, a)Id lIIost, of tlic sl)llt  t crcd atoll ).< c,+
cal~c. A s  tlic gyx,vcs  for]tl, tl)e i]lcidc]lt aIIglc  lIIay

illcrcasc, causi]lg Illic alwdutc yidd t o  r i s e . 1 I o\Y-
,rvcr, rcdcl)ositiotl o f  sl)uttcrcd atotl]s ill tlIc gIoovc
CaII IC(IIICC t.l Ic IIct, yield [7]. As tlIc I)its  aIId gIoov(w
I)cllct,rat,c  tlIc acccll g r id ,  sl)uttcrc(l atollls cal  I csca]~c

ulwtrcaln tllrollgl) tllc grid, as Ivcll as (Iowllstrca]ll.

\VIIcII tlIc ])its w e a r  coIII])le(cly  tllrougll  tlIc  g r i d ,
tlIc  imls illci(lc)lt  ill t]lat rcgioll  ill’~ citllcr rc(lcctcd it]
(IIC illtcrc]cctro(lc ga]) alI(l strilic tllc ulxtrcal  II f a c e
m arc focusscd alol Ig tl~c cl Ial II Icls. Grid l,clld I:I-
tioll  (lICII  l)mcccds alol  Ig tlIc cl IaIIIIcls  a s  slIowtI ill
l’ig.  (2) until collll)lcte  structural failure occurs. 1,0ss
of grid structr]ral integrity as a rcs(llt of s])uttcr cr(>
sioll  ill tlIc cl)aractcristic lIcxagoII?Il g r o o v e  ]mttclll
is OIIC lwtclltial f’ailurc  IItccllallistil, l,cjss of sircl Ig(ll

causc(l  })y g r id  crosiml CaII c a u s e  s]lorts as ilidivicl  -
ual ril)~lcts c)r scctiolls of tlIc acccl g r i d  collalm alId
I)ri(lgc  tlIc illlcrc]cctro(lc gal)  uildcr tllc e l e c t r o s t a t i c
stresses .  lh’clI  if sllor(s arc avoided, it l)ccolIIcs  illl-
lmssil)lc t o  lIrol)crly focus t,lic l)rill)ary iolis a)id  I)rc.-

\’cIIl clcctroll I)ackstrcalnillg as lhrgc IIoks ill tlIc g r i d
folll).

Accclcrator g r i d  sl)uttcr crosioll CaII I)c IIlirlirllizcd
I)y l)ml)cr cllvirollllw]ltal  coll(litio]ls aII(l tllruskr oJ)-
cr:itioll, I)ut is ullavoidal)]c at SOIIIC level. Illlccrtaitlty
ill our (Icscri])tio]l  of tllc ])llysical  ]Jroccsscs of grid cro-
sim) il) additiol)  to tl)cir i))trillsic varial)i]ity lIIakcs  it

ittl])ossit)lc  to  calcula!c g r i d  Iifc cxnctlly.  liclyillg olI
cxtcllsivc  tcstil)g to cllartictcrizc grid life with Iligll
coIIfidcIIcc  would  l)c I)rol]il)itivcly costly a)ld  tiltlc-
collsllllli)lg. It is tl)crcforc useful  to  II Iodcl  accelera-
tor g r i d  crosioll l,rc)l)al)il  is(ically, using availal)lc itl-
folllliitioll  frolll  tc%ts al]d  ktIowlcdgc  of tllc }]l,ysical
l)roccsscs tlIat lca(l  to faililrc.

l’lolml)ilistic Scrvicc l.if(! A sscssIncIIt

I II tlIc assess  IImlIt of acccl gri(l  scrvicc life ~~rcsc~}tc(l
IIcrc,  test illforlll:ltioll  and allalytictil lIIodcls  arc used
ill a statistical s(ructurc ill wllicll  ullccrtai]ltics al)out
f a i l u r e  j~rcdictio]l  am quant i ta t ive ly  t rea ted .  ‘J’llis
l)rol)al)i]istic atlalysis CaII I)c I)crforlllcd w i t h  tllc ill-

forlllatiol) availal)]c at alIy lmrticular  tilnc 10 ol)taitl
, . .

a ))rolml)lllstlc cstitllatc of scrvicc ljfc t]lat js }yar.
ralltcd I)y lvllat i s  kIIO\YII alml! a f a i l u r e  IIdC nt
that tilllc. ‘1’llis l)rol)al)ilislic lIIctlIod  i s  al)l)lical)lc
t o  fiiillllc 1110(1(% wllic]l  cfil I lx.’ dcscril)cd l)y allaly(i  -
cal II Iodcls  of tllc failure l)llclto))lclla, evcl  I WlICII sucl  I
I I  IO(ICIS are ullccrtaill or al)l)roxilllatc.

IIy c(,ll(lucl  itlg scrvicc life sensitivity allalyscs JJrol)-
al)itist ically,  sources of Iitlacccl)t al)]c failure 1 isk call
I)c idclltificd  h}}(l correct ive  actiol) call  l)c  dclillcaicd.
l)csigtl rcvisio]l, ad(litiollal cl)aractcriz at ion of cllvi-
rollltwllts,  illll)rovcillrnt, ofallalytica] II IO(lC1 accuracy,
alId ittll)rovcd  cllnr;lctcr  iztitic)ll  of IIlfitcrial l)cl]avior
aIc attlol[g  tllc ol)tiol]s for colltrollit)g  r isk  that  call
I)c cjllalltitati~(ly cvfilllatccl  I,y l)rol)al)ilistic sensitivi-
ty irlt:ilyscs.  IJsil)g  smtsitivity analysis rcsult,s, t e s t
aIId analysis l)rogra)l]s focused olI acquiril)g ill forlna-
tioll  al)out,  tllc IIlost  il]ll)ortallt r i s k  d r i v e r s  call  lIC
dcfi IId, cllal~lillg  lilltitcd  financial rcscmrccs to l)c al-
located IIm]c  cfkctivcly to ac}licvc  life goals.

l’rol)al)ilistic  scrvicc l i f e  ZIsscsstncl]t  calI IIc clll-
l)loyc(l ill tllc dcsigll  aIId dcvclo])]llcllt ])rocess  to avoid
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c{)ll]l)c)ll]lclillg; dwi~;il col)scrvalis]l]s aIId ]Ilarg,ills  that
ulll]cccssarily  illcrcasc ccw( or wcigllt. l’rol)al)i]istic
analysis is of ]Jfirticular va]uc  WIICII ullccrta illtics c.x-
isl aljout,  illllwrtallt govcrllillg l)arallmtcrs o r  WIICII
dcsip; tl co]lscrvatisll]  alId  rcdu IIda IIcy used ill (IIC l)asl
lIIasl Iw rcduccd to lIIcct IImrc  s( rillgcllt  cost, Jvci?;llt,
or IwrforlIlalIcc rqairclm]lts,

IIlfor]natioll  fro])] tcs( or service  cxj,erimlcc  cal  I IJC
collll]illc(l  wiill illforlllatioll froltl altalyiical lllodclillg
k) cstil]latc fa i lure  r isk  (l(liillt,jt~li\r[]y  Ilsillg  t,]Ic al)-
I)rozicll slIo\v II ill l~i,c,. ( 3 ) .  l’rolml)ilist,ic  failarc II IO&
elitlg is  I)ascd  oII avail  al)]c kIIowlcdgc  o f  tlIc  fai]llrc
I) IICIIOIIICIIO]I alId of SIICII govert)il]g  l)araltwtcrs a s
iml itill~illg,cltmllt  cllrrclit aIId sl)llttcritlg y i e l d .  ‘J’IIc
l~rior failllrc risk dislril)utioll of l’ig(lrcs (3)  aIId ( 4 )
i s  dcriwd fro]]] l~rol)iil)ilistic  failllrr IIlodclitlg.  ‘J’llis
Ilrior distril)aiiol) can  lJC IIlodificxl tc] reflect availal)]c
s a c c c s s / f a i l u r e  dala i]] a IIaymiall  statistical alIaly-
sis.  ‘I’l Ic l)rol)al)ilisl,ic  service life ass(,sslllellt ZI])])I’O?ICII

sllow]I  ill l’igures (3) alId  (4)  i s  discasscd ill detail I)y
Mom,  et al. [s,9, II 0].

IIkl]cricllce i]lc]udcs ])llysical  ]JarallK7tcr  ill fOl’lllil-
timl  it] addi{ioll 10  sacccss fallare d a t a .  IIlforltlalio]l

, .

al)oul,  l)llysicfil  lmrtiltmtcrs cal I Im der ived  fmlll llIr:I-
!slirelIIclIts  lakcl I during tests or service, froln al Ialy  -
scs to lmIIId or cllaractcrizc ])aralIIctcr values ,  frolll
al)l)lical)le exJ)crlcllcc \vitll  Silt )ilar  syskI IIs, Or frolll
Ial)oratory’  ksls. McasllrclllrlIts of IJllysical  lmlaIIIc-
tcrs Ilscd  ill a n a l y t i c a l  IIlodrlillg, C.!; ., grid itlllJillg,(-
:[)mlt  currcllt or eroded a r e a ,  cal]  I)c al I illll)ortallt
illfortllatioll source  ill failurr risk asscsstllrllt. l)llysi-
Ical l)ara]lmtcr illfhrltlatioli  is  illcorlmratd itlto ])IOIP
al)ilis~ic  failarc IImlclil)g and is rdlcctd ill tlIc IJlior

l’igllrc 4: l’rolml)ilistic failarc lnodc]illg.
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failllre risk distril)atiol].

Success/failllrc data calI  I)c acqllircd  frolll life tcst,-
iilg or service cxJ)cric]lcc. ‘J’l Ic failure risk distril~utioll
rcsaltillg; fro])] tllc collll)illatioll  o f  tlIc IIrior  distril~w
tioll  alId  tllc s u c c e s s / f a i l u r e  (li{t~  is tl]c dcscriIjtioll
of failure risk wllicll  is Ivnrralltcd I)y t,llc illforltlatiol]
avail alllc, A s  additiol]al itlforllmtioll  rcgardill F; ppv.
cr]lilig ])l]ysical  l)aralllcters l)12coIIIcs avail a])lc it call
IIC illcorl,oratccl  into altalytical IImlclillg to ol,taill
a revised IJrior  fail  arc risk (Iistril)utio]l. Additio]]al
illforl]latioli  ill tllc forth o f  sacccss/failure d a t a  call
Im I)roccsscd I)y Illc IIaymiall  s t a t i s t i c a l  alialysis of
l’ig.  ( 3 )  t o  ul)datc tlIc  l)rior failarc risk distrit)utiol)
asil]g, tllc l)rocmlllrc givcl] lIy illoorc, et a l .  [10,1 1 ] .
1 lmvcvcr,  as woald IJC CX1)CXLUI,  a fcw succ.cssful  life
(Iclllc)llstlatio]ls w i l l  lIot  afl’cct a  ]Jrior  distlil)atioll
with wllicll  tllcy arc collsistc]lt.

‘1’lIc tillalysis l)roccdurm use(l  ill ])rol]al,ilist,ic  fail-
ure Ilmdclillg, SIIOWII ill l’ig.  ( 4 ) ,  are dirccily dcrivd
ftolII  dctcllllillistic lIIrilIods for allalyscw  of grid ser-
vice life.  ‘1’IIc accuracy of tllc lIIodcls  a]ld  l~roccdures
IIsed ill IJrol)al)ilistic failure IIlo(lelilig  slIoald l)c })rol)-
al)ilistica]ly  dwcril)d fil Id treated as a  dr iver .

A  dI ivcr  for wllicll  ullccrtaillt,y  is to IJC collsidcrcd
lIIllst l)c cllaract.crizcd l)y a  l)rolml)ilily distril)utio]l
over  tlI(’ rallgc o f  vtrlacs  it can assalilc, ‘J’llat distri-



l,u(iml cx]jrcsscs utlccrtaill(y rcg;arxlillg  s}, ccific  driver
va]ucs witllill  tlIc rallgc of  IJossil)lc  val IIcs. A  driver
IJrolml)ili{,y distril.)lltioll lIIust  rcj)rcscllt  l)otlI i]itrilb
sic varial)ili(y  of tlIc driwr a]Id ullccrtai]] k] Iowldgc

o r  litllitecl  itiforllmtion  OII wllicll  10 I)asc  iJIe driver
cl)aractcrizatioll.

Stocllaslic. d r i v e r s  are cllarackrimd I)y usi]lg  tJIc
illforlllatioll  tha t  cxisk at tllc tittw o f  a n a l y s i s .  I f
dr iver  it) for)[latio]l is s])arsc, tJIc ])rol)al)ilistic cllarac-
tcrizaticm of SIICII a d r i v e r  II IIIS1 re(lcc(  {lIat slKlIse-
lIess.  I f  cxtc}lsivc cxlmrililrlltal IIlcasurcllmlits  lIavc
l)ccII }Jcrforlllcd  f(,r a  d r i v e r , i t s  IIotnit)al  va]uc  aIId
cllarachizatim) o f  its varial)ility CaII l)c i]lferrcd di-
rectly frc)ll) cl]] I)irical d a t a . IIowwr,  if little or 110
direct ly  a])l)lical)lc  cm])irical data is av:iilal)le,  allill~-

sis to cllaractcrizc a driver or m])cricllcc  wiill si]l)ilar
or rclakd syst.c])m ]IIus{ 1)(’ uscxl. l)riwr dislril)utio]is
lnust IIot owrstatc tJIc ]Irccisio])  iltl])lied  l)y tllc avail-
al)lc  itlforl]latio]l.

%]tw gc]lcral gaidelilicw  fc)r cliarirclcrizillg stoclla<-
tic drivers lIavc  e]lmrgcd  fro]ll  case s(udics coIId IIchxl
k) date as give]] ill Moore, et al. [9,8,1 1]. l;or  dr ivers
wllicli  lIiivc ;Jllysical  Imunds, SIICII a s  colitrol]r(l (li-

IImllsiolls  o r  lmrailwters  Ivitll  l)llysical ul)l)cr  lil]lits,
tllc ]kta distril)uiioll IJarallmtcrizd Ivitll locaiiol[,
slInl)c,  aIId s c a l e  l)aral]mtcrs lIas  lmcll  Sacccssfllliy
usd. I f  oIIly lIou IIds arc JiIIowII, a  (J]lifor]ll  distri -
l)utiol] i s  al)l)rol)riatc. l’or  a  dri~’cr wlIosc  variatiol]
cal  I lIe tlIougl It c)f as duc 10 tlIc  co)l)l)i]lcd  i]l[luc]lcc
o f  a large IIullllmr  o f  sIIIall  itldc]w]ldcllt  cflccts, tlIc
Nort)lal distril)utiml calI I)c u s e d .  l’ast cx])cricncc  i])
cllaractcrizillg  a lmrticu]ar driwr sacl I as a IIlatcrial
l,rolwr(,y  IIlay su!;gcst  tl)c use  of  a  I)ar(icular distri -

I,utioll, for cxallll)lc,  \Veil)ull,  Ncw)lial,  or l,ogIIoIIII:il.

A  llyj,crl)artill]ctric stracturc f o r  driwr (listril)\l-
tiotls h a s  l)cclI follllld uwfu] ill dcscril)illg availal)]c
itlfortl)atio]l al)ol]t a  driwr. l’or ma II Il)l,c, to cllarac-
tcrizc a driver, illfor[tlatio]l fro]ll  e]lgi]lccrill~ alliilysis
]tligllt l)c usd to cwtal)lisll  ll])lwr  alId l o w e r  l)oIIIIds.
111  order to ca]){urc tllc fact illat tllc lIIcal  I value IIlily

II(A I)c kIIOWII with ccrtaillty, tJIc I]lcall  value IIIay I)c
rcl~rcsclltcd I)y a  lllliforl]l distril)utio]l l)ctwwII tllc
Ill)l)cr  aIId Iowcr  l:Iou IIds. ‘J’llis {Jllifhrtll  distril)ulio)l
is tllc llyl)c~rclist,ril)lltic)ll a:;sociatod 1111 CCI’~,  ilillly  al)ollt
tllc true IIwall  valac, alId  ils l)araltmters arc tllc as-
sc)ciatcd llyJJcrl)ariilllctcrs.

illo]]tc (;arlo sill]ulatioll  IIns lJCCII used as tl)c l,rill-
ciJml colll)ltltatic)llal  lIIctJIcd  ill l)rol)al)ilisiic faill]rc

IImdclillg I)ecallsc it is  a  gcllcral  lIIctlIod  that call  I)c
used Ivitll  f a i l u r e  lIIodels of ally  collll)lcxity. (~c)ll-
tillufilly i]lcreasillg  Cwllll)utcr  J)owm duc to ittll]rovi]lg
llardwarc alId  software is steadily Cx[)alldiag  tile ],rac-
tical al~l)licat  ion of L!o]lte  ~arlo sil[allation. II;flicicllt
illolltc  C a r l o  teclllliqllcs  call  lm u s e d  to reduce tllc
]Iu]lllm of sillllllat io]l trials WIICII co]l)])l]l:itic)]l:ll  ti]oc
is aII issue. (krtai]) al)alysis II Ictl  Iods  SUCII  as l)las)na
lmrticlc sil]llllatioll  II Iodcls,  IIlay Lc tc)o colnl)utatioll-
ally itltcllsivc  for ])ract ical usc ill hlontc  Cat-k) si)l)-
ulatiol].  IIowvcr,  tlIc outlIut o f  tlIcw lnodels  call
lm lcl)resclltcd as rcslmllsc surfaces over tllc rallgc of
variation of sig]lifica]lt  l)ara~ncters,  see h!oorc, et a l .
[ 8 , 1 0 ] .  ‘J’lIe u,lcerlail,lics of rcs~,mlsc  surfaw rcJ~rc-
sc]ltat,  io]ls II III St, l.)c t reatcd as (Irivcrs if sig[lificalit.

Altclrlativc cc)lttl)ll(:ttio)lal  II IctlIods, for  cxallll)lc,
lJOl{hl/Soliill, scc hladsrIl, ci al. [ 1 2 ] ,  ltlay fail  to
give accurate  resul ts  for  ])rol)lclt]s  ill wllicll  sigtlifi-
calltly llolllitlcar lIIodcls  arc clII)Jloycd  and driver ull-
certaitlty i s  l a r g e .  (;ollll)lllil[i{)llal II IctlIods arc dis-
ctlssd f[lrtllcr l)y Nloore,  ct al. [1 1,10].

A  cc(:lm:ttor CJIi(l Rrosio]l A]lttlysis

‘1’lIc dcterttlitlislic crosiol)  ]IIodcl  used  iII t h i s  a]ial-
ysis dcscril)cs  tlIc lllilSS lcxs due to iol,  sl,uttcrillg aIIcl
i s  itlll)c(ldcd  tlIC hloIIte (;ar]o sillllllatioll l~rocccJllrc
outlillccl  ill l’ig. (5). ‘1’l]is lIIodcl  cxl)rcsscs (JIC tilllc
10 itlit ial structliral failure of tllc grid  as a futlctioll  of
driwrs wllicll  IIIay I)c citller dctcrlllillistic or stochast-
ic. ‘J’lIc drivers consist ofg;colnc try, currclll and acccl
g;rid w)ltap,c,  IImtcrial l~rol)ertics and accuracy factors
}vl)ich account,  for Iltlccrtailltics i)) tlic analys is .

A l)asic  structural Illlit  oftl)c grid call lW dcfiacd l)y
tllc trial lglllar rcgioll  slIowII ill l’ig.  (6). l;lId of life is
dcfil Icd as tllc Iwillt tit \vllicll  tile first structural ullii
i s  d i v i d e d  ill two I)y crosio]l  i)] tllc crlltral cl IaIIIlrl.
‘1’llis w i l l  gmlerally occIIr  f i r s t  ill tllc cclltcr of  tl]c
grid w]lerc tile crosio]l  rate is tllc IIigllcwt. ‘J’llis failure
crit,crioll  CaII I)c cxl)rcsscd qualltitative]y  it] ter)ns o f
tlIc fractliollal Illass  l o s s  ill tllc strllctural unit l)y tllc
rcla{ iollsllil)

(1)

wllcrc MC is tllc crodd  lIIass  ill tlIc cllalltlcl,  and A4~u
is tllr initial lIlilSS  of tllc structural unit,

M8L, = pgA,,,  i, (2)
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IPigurc b: SIIutter crosiol]  fa i lure  silllulatio]l,

]>ig;urc  (j: ‘J’lIc l)asic  strllctu]a] unit aIId tile IIIodel  of
p,rc)m’c gu)IIIctIy at failllrc.

ill \vllicll (Jo rel)rcwllts tllc delisity of tlIc p;rid ltlate-
rial, fl$t, is tltc initial s t r u c t u r a l  uliit Ivcl)l)illg; aICa
alId f is tlIc initial g r i d  tllicktlcss. ‘J’lic wcl)l)illg  arm
i s  givc]l lIy tlIc  cxJ)ressioll

(3)

WIICIC /cc is  tlic ccIIlcr-tcEccIItcr lIolc  s])acillg all(l  d},
i s  tllc ]Ic)lc (ii/ill Ictcr. ‘J’l Ic l,arallwter (Af</Af$,,  ), i s
tile allmval)]c  fractional in.ass 10ss I)cforc  tllc unit is
cut it] tnn, alId  is a fullctic)ll  c)f tllc grid g,ccnnctry  aIId
tlIc  gcoltlctry of tllc CII:IIIIICI  at failure.

‘I’l Ic fract imlal  lIIass  10ss awl a.gcd over a structural
unit  after a culllulatiw ol)eratillg titllc T duc to slJut-
tcrillg fro]]} singly cl Itilged  ions is give]] l,y tile cx])lcs-
<ioll. . . . . .

()Al< J(l,,w?”x)ctlllg
ii,,, = - cAf$t, ‘

(4)

\V]ICIC  Ja, ~,l is tlic avcIagc io]l i)lll)illg,cllw]lt currc])t
ill tllc structural unit, }’,lct is tlic average llct s})uttcr

yield  ill atollw Im itlcidcllt  ion, ?ng is tllc IIlass  lwr
atolll of grid IIlatcria] aIId r = I .6 x10- ‘9 C; is tllc full-
dalllclltal Clcctroll  Cllillgc. ‘1’lIcsc two equatimls define
tllc tiltw k) structural failure, given  l]rolwr sJ,ecifica-
tioll  of tllc drivers: g r i d  gcollwtry,  gro]]mtry of tllc
Cl IaIIIICl at failure, iltll~itip,{lllcllt  currcllt Jo,,,, aIId tllc
)IC( sj~utkr  yirl(l }~lcf,

(i



AltlIoIIglI  tlIcIe liaw IJCCII sigtlificallt  advaIIccs ill
IImdclillg tllc l o c a l  distril)utioll of illll)illp,c)llc)l(, jotl
f l u x  alId  mlergy  ill tlIe Crosiol] lmltcrll using l)article
sil]]llldt,ioll  II Ict,l Iods  [2,3], these codes fire too col IIIIw

tatiollally illlm)sivc to iliclude  ill tllc failllrc siltlul:l-
timl. ‘1’IIc fa i lure  lmdc] IIas  tllcreforc I)CCII cxl)resscd
a s  alll)roxjll)atc rclat,iollsllil)s it] tcrIIIs of olwcrval)]c
l)arallmt,crs awragcd over tllc s t ructural  unit.

‘I’l Ic failure crikrio)l CaII lJC dcfi IIcd l)y tllc cxl)rcs-
sio][

‘J’IICI currcllt ill tile structlrlral  unit ill (lIc  c.mltcr
of tlIe grid (w]licll is sul)jcct  1,0 t]lc IIigllcst, il]]l)illgc-
lIIrl  It currcllt,) calI Iw ml Jrcwscd as tllc l)roduct,  of t,llc
s t r u c t u r a l  unit area and tllc awragc local illtI)illgc-

,,
II IrIIt  currctlt dmlslty ja,l)co~ (ignori]lg local currcl,t
dctlsity  variatimls dllc to tlic discrete  ic)l] l)caltllcts),

(.5)

w]lcrc Ac rel)resctlts tile cross-sm-tio)lal area o f  a
cltallllcl wllicll  just divides tllc s t ructural  unit, ‘J’llis
cl Ial IIIcl sllal)c i s  assul IIcd to lW collsiallt aloIIg  tllc
tll(’ k’llgtl]  1,,, a s  SlICmIII ill l’ig.  (6). ‘1’IIc cfkctivc
cl Ial IIIcl ICllp;tll  is aI)])roxi])ml,cd  I)y

(6)

llse c)f IIllis al)l)roxilnatioli sli.glltly  ovcrcs[iiliatcs tllc
lIIass  lost at tlIc alvm  of  tlIc s t r u c t u r a l  unit frolll  a
Cl IaIIIICl  ofulliforln  cross-sectic)l]. ‘J’llis is not cx})cclcd
k) sigtlificalltly  l,ias tllc l i f e  calcu]atio)ls, l)ccal}sc  ill
l~ract,icc  II IIICII  of t,!lr i}ll])illgclllellt  jell  cllrrcllt g(l ICI-
atd I)y tllrcc adjaccllt I)caltllcts i s  f o c u s e d  into tllc
cciltral rcgiml  (tl Ie i]lt erscctioll of tile Cl IaTIIICk l)iscct  -
illg  tllc tllrcc strucllural utlits) aIId causes II IOIC srvcrc
crosioll t.lla}l ill tllc Icst oftllc cl IaIIIIc]s. ‘1’IIc C] I;IIIII(.I
cross-  scctliollal  awa is II IO(]CICd  as

(7)

wllcrc WC is tlIc }vidtll of tllc Cl IaIIIICl at tllc
clcnv)lstrcalll  surface. ‘1’llis cxl)rcssioll rcl)rcscllts a
lmralmlic.  cross-scctic)l]  )mdifid  I)y tllc sllal)e factor
A.,, wl]icll  clcscrilm  ullccrtaillty  al,out  tllc Cl IaIIIICl
sllal)c. ‘1’IIc cllallncl w i d t h  call  I)c Cxj)rmscd  ill tile
for] n

~ljc c ICC + (I:C -  120Aeu /f13)’/~, (8)

w]lcrc o = A t / A.!U ls t]l~ ~rodd ar{’[1 ft’actio],,  tllC
IJr{)jcctcd  area of tl]c crosiol)  g roove  A, col))]~arcd  to
tl,e st rllctllral utlit wcl)l)i)lg  area, l;quatiol]s (2)  io (8)
lmrltlit tllc failure crikrioll ill lkl. (1) to I)c CXI)ICSSC{I
ill tcrl]w o f  tl)e p;ritd gcoltwt ry l)araltlclcrs d), , i aIId
1,, alId  tlIc cllallllcl slIal)c ]jarallwtcrs o  aIId A,,

WIICI(S Ja/Jb  i s  tllc ratio c)f total iltil)itlgcllmll~  cur-
rmlt  to l)caln currcvlt,,  Ah is tllc a c t i v e  bcaltl a r e a ,

Jk is tll C ol)rll area f r a c t i o n  c)f tlw acc.el grid and
tllc illi])illg;ctllrllt  currc]lt dcllsity flatllcss l)aralm+r
is dcfi IIed as

‘J’lIc illl])illgclllclit  currcltt dcllsity  flatllws ])araltldcr
call  l)C Cq[iatcd  to tllc f l a t  tIcss  l~araltwtcr dcscriljit]g;
tlIc l~ca III currcllt dmlsity distril)utioll,

(1’]’)<, = (1’1’)~, (11)

if’ tllc ratio of local average currcllt dcllsitics (jo/jL)
is constant owr tllr clltirc p;rid. ‘1’lIc assulll],tioll tha t
jn is I]rolmrtio]lal  to j~ locally is valid for cllargc cx-
cl Ia]Igc  ions  iftllry strike tllr accel grid at raditil slid
azilllutllal l)ositiolls  c]mc to tllosc wllerc tllcy w e r e
crcatrd. ‘1’llis slIollld  l)C salisficd ill sl~acc,  wllcrc t,]lc
iill])illp;t’lllcllt  ions  origiliatc itlsidc tllc dccclcratio]l Ic-
gioll alId tllc local  clrctric f ie lds  gllaralltcc that tllcy
illtcrccl)t  tlic glid ltcar tllcirl]oitlt{~forigill. III groutld
test facilities, IIowcvcr, tllc lnajority of tllc illll)ingc-
IImllt  ions arc crcatcd dowllstrcalll of tlIc lleutraliza  -
tio]l  ]~lalIc and IIIay drift tc) ra(lial and azilllut,llal 10
catimls wry diflkrcl]t frolll  wlIcrc tllcy wwc c.rcatcd
I)eforc  I)cillg  cal)turcd I,y tl]c acccl g r i d .  ‘J’llis IIas tile
cfl’cct of IImliillg  (If ’}’). soltwwl[at larger tllall (1’’I’)L.
‘1’IIc assllllll,tioll  that tllc coltstallt o f  l)rol,c)rtiollality
I)ctwcc)l  ja aIId j~, dots IIot vary over !Ilc  grid is accu-
ralc olIly i f  llIe axial IIcutral dcllsity l)rofilc  alId tllc
cfkctivc lcIIgtl  I frol]l  wllicl]  cllargc cxcllallge ions arc
drawl)  do IIOl vary  \vitll  radial l)ositioll.

‘J’IIc average IICt sl)uttcr yield  is assutlwd to l)c l)io-
IJor[iollal  to tlIe yield  tit IIortllal  illcidclice,

l’?,,l = AYY07(I, (12)
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wl}r’rc A}, is a stochastic facto] Icl)rcscllt,illg varintio)]s
o f  tlIc awrag,c IICt yield fro))) tlIc y ie ld  al lIor IIIal ill-
cidmlcc dac to dcm eflccts (I)rilllarily  rcdcqmsitiml  o f
sl)ut, tcrcd IIlatcrial a]ld  ol~liqllc  i]lcidc)lcc of lm)llljard-
illg  ions). ‘1’lic aVi~ilal)lC  y ie ld  da ta  for  kryJ,tolI alId
XCIIOII illcidelll 011 IIdyl)dCIIUIII  aIId carl)oll CaII Im fil
w e l l  with all cll]l)irical rclatiollsllilj of tllc for]l)

“’=0’ ‘(};’+ 3’(]-{ ‘nod ‘]3)
wl]crc l;i is tlIc itlcide]lt ion ellcrgy, l;~  is tllc tllrcsll  -
o ld  for  sl)uttcrillg, aIId ?II~ is tlIc atolilic II IaSS of tllc
illcidcvlt  iml. ‘I’l Ic first ten!) accolillts for variati(,ll
with ioli cllcrgy, wl]ilc  tllc scc.o IId tcrltl IC]IKKIUCCS
tll(’ tllrmllold I)cllavior. ‘1’lIc final  tcrlll rcl)rcscllts tile

. . .
variatlo]l 1)1 ylcld Wltll l)olnl)ar(llllg sllc Clcs Illil SS. ‘J’llc
l~arallwtcrs  (I, L, c alId  d  CaII I,c csli]]lated froth tllc
data for sl)ulleri]lp; yield as a fullci,ioll  of itlcidctll io]l
cllerg;y  and IIlass.  III cfilcalatlillg acccl p;rid l i f e ,  tlIc
incident ion cIIe Igy  is givc]l  l~y tllc rclaliollslli]~l

t e s t  dcscril)cd in [5]  ill wliicll  a  30  C]II twogricl ion
Cllg;i]lc w a s  o))craled until g r i d  failllre utlder acccl-
cratcd test collditiolls. ‘1’lic full ljrolml)ilistic  lImdcl
}vas used to  assess  tllc lifc(illm of tl)c acccl grid ill
tllc 30 CIII ritlg-cus})  t]lrustcr [ 1 3 , 1 4 ] ,  wllic]l  is cur-
rently Imcli]ld for usc in tlIc N A S A  SII}I’ ( S o l a r
l;lcctric l’rol)ulsioll)  “JkclIIIology  Al)l,licatio~is l{cadi-
IICSS  (N S’1’A1{)  IJrograltlj a  hTASA-sl)o)lscmd  cxl)cri-
II]c)lt 011 tllc Air l’orcc Space ‘l’rack a)ld  AutoIIoIIIous
l{c]jositioll (S’I’A I{) ]I)issio]l. ‘1’lIc failure J)rol)al)ility
was  calculated for co)lvclltiollal lIK)lyl)de  IIu III ol)tics
at 4 ,65  klf’c  cllgille l)cnvcr (5 kWc  IJower  i)lj]ut tc) tllc
l)c)lvcr l)rc)ccssillg  tlllil)all(l at2.3k\4Te(  2.5k14rc,total
Iw}vcr),  tllcdcsigtl lmitlt  for  tl]cNS’J’Al  {cxl)rrilllctlt.

‘J’1ic4.6L kl\’ccoll(litic)]l wnstllcll rccxalllitlcxl  assulm
illg tllc use of carl)ol] as tllc grid IIlatcritil.  GraI)llitc,
carlm)lcarl)oll coltl]]ositcs and dialllond  are lIow l)c-
illg c o n s i d e r e d  a s  ad\v II Iccd grid  ]natcrials ljccause
of su})erior  sl)uttcr rcsistallcc [15,16,17,18,19]. ‘1’lIc
d r i v e r  distril)lltiolls used  ill tlIcsc allalyscs a r c  a l so
slIo\vl I ill ‘J’al)lc (). III this section a detailed dcscril)-
tiotl  oftllcdrivci cll:irac(c,riz:ltic)ll  will lwfollmvcd  l)y
a discussimi of tllc c a l c u l a t e d  lifctillm distril)utiol)s

wllcrc it IIas  l)CCII assul Ilccl tllcit a l l  of  tllc ions  S(lilic
alId tlIc  aIIalyscs l)clforli]cd to detcllllille tllr clrivcr
scllsitivit,y.

tllc gr id  with tllc IIlaxi}llutti  l)cusil)lccllcrgy, givcll  l)y
tile iiCCC’1  g r i d  lx)trlltial lza. ‘J’llis is a])])ro]~riatc  f(,r S]){!cifi(:ilti(l]l  of 1)].ivm l)istril)lltio]ls
tcstill~ ill grcm]ld-l)ascd faci l i t ies  wllcrc lIIost  of tile. .
illll)illgclllclll  imls  o r i g i n a t e  outsi(le of tllc l~otrtltial

‘J’lIc in i t ia l  grid  gcollldry is sl)ccificd I)y tile IIo]e di-
wc]l surroul]dillg tllc acccl grid, l)ut  is a collscrvativc
assllllll)t,ioll  for  slmcc collditio]ls  }YIIcrc ]IIal Iy of tlIc

altmtcrj cclllcr-toccllter sl~acitlg,  olJclI area fraction,
l)caltl arcaall{l gri(ltllickllcss. ‘J’llcsc l)aralllctcrs\ \’crc

ions  crcatcd itisi(lc  tllc dccclcratio]l ZOIIC  w i l l  1101 filll
tllrou~li  Illeclltirc l~otclltial.

awip,llcd  tllc fixd valucsgivcl] ill ‘1’al)lc ( ) .

\Yi;ll tllc cquati~lls discllssd al)ove,  tlIc ccIIIIl)lctc ‘1’lic clIalIIIcl  gcollwtry a t  failorc i s  dcscrilwd  I)y

lnodcl of grid life call  I)c rcl~rcsc]ltc(l  ill tcrllw of tllc tllc crodd  area fraction alId  tllc slIaJ)c  f a c t o r .  ‘1’IIc

gcolnetry drivers d),, 1,,, ~~fla, 11~,  and et, tltc d r i v e r s eroded  area fraction is futldalnetltally dctcrlllillcd l)y

rel)rcsclltillg;o  l,cratillgco  ll{litiolls (30/,11,),  ,1~, (1’1’)~ tllcioll trajcctorics, aIId cxalllil]at,io~l  oftllc grid IISd

and Vo, tllc lnatcrila] l)ro]mtics a, 6, c, d, 1’;o, (~g, ?Ilg ill tllc test-to-failure [5] sup;gcs(s  that tllccrodccl area

alId  ?)l~, and tile d r i v e r s  cllaractcrizillg II Iodcl ullccr- fractimt docsllot, cll:[llg,csigtiificalltly  with tiltlc (i,c.

taillty A, alId  ~},. ioti dow o r  g;coljlrtry). ‘J’llcrcfore  llIr crosiml l)at-
tcrlls c)lwcrvcd  ill r e l a t i v e  s]lort duration  t e s t s  call

Calmllatimls of Acc(!l~!rator Grid l,ifb l)c used to cstilnatc this l~arallmtcr. ‘J’IIc resul ts  of
e r o d e d  area fractio]l IIlcasurclmtlts  011 a lluIill)cr of

l’iour test cases v,wrc Cxalnillcd  using tl)c IImdcl  l)rc- :Icccl ~rids used  ill cl Idural Icr tests l~crforillcd  lvitll  a
Sc’llt,cd  al)ow. ‘J’lIe dctcrltlil)istic lIIo(lcl  of g r i d  l i f e v a r i e t y  o f  I)rol)cllallts, ol)cratirlg collditio]ls  al]d  gc-
w a s  usd to calculate tl]c lillw to failure for tlIc  ill- ollwtrics a r c  sullllllarizcd ill ‘J’al)lc ( ) .  ‘I’l Ic values
1)~ltl)zir21111  ct,cr\ttlllcsli sl,.(1 ill colulI  III 2of ’J’al)lc ( ) . rallgc frolll al)l~roxiltmtcly  0 . 4  t o  ().55. ‘1’lIcsc d a t a

‘J’l Icsc values corrcsl~olld  to tlIc gcolllctryj  ol)cratitlp; alldtllccurrc]lt lltl(lcrst allclillp; c] ftllc I~lletloll lcI}atllat

collditiolis alId  IIlakrial l)rol~criics for tlIc  cl Idurat Icc dict?itc tile e r o d e d  area fraction do ]Iot l)rovidc suf-
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N!atcrial
l’rolwr(icw

l’lo]lcllRllt/(  :ri(l
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Case 1

658.7
.242
1.14
2.21

0.360
0.50
1.31

‘t

0.013
0.71
2,7
510

K1’/Mo
43

0.0414
().56M)
3.2102
-0.0431

1

(kc i (;?ISC 3-- Case 4

658.7 658.7 658.7
.242 .242 .!242
1.14 1.14 1.14
2,!21 2.21 2?.21

0.[)08 0.508 ().5()8
l’arallwtric  (0.2, ().6)

11(1.0,  1.5)

4.65 2.3 4.65
lk((), ().()()3, ().73, 6.6)

U(O.4, 0.6)
3.0 1.8 3,0
300 150 300

xe/Mo  x(@o Xc/(;
48 48 111

0.0414 0.0414 4.257X  10-4
().565:) O.b(m 1
3.2102 3.2102 1
-0.0431 -0.0431 0

1 1 1

‘J’al)lc 1: l)riwr vdlllm  used ill tmt ca se s ,

ficicl]t  itlfor]llatioll  to idclllify  ]mratllctcrs 0 1 1  \vllicll
this d r i v e r  dc])cIIds  OI to s])ecify  a rallgc a])])lical)lc
to s]~acc o]~cratic)ll. 11 was  tllercforc trca(cd l)ara-
lllctrically ill tllc l],rol)al)i]istic  calculatiol]s, at valum
rallgillgfrolll  0.2 toO .6. ‘J’IIc Illitlilllulll WI(IC OIWIVCC1
cxJ)cri)llc]ltally, 0.4, was used as tlIc IIolllillal  val IIe.

lktaild cxalllillatioll of llIe tcwt-tc,failllre gri(l  [5 ]
collfirltls tllla(  tllc cllallllels d o  ]Ilaiiltai]l aII al)])lox-
illmtcly  ])ardlm]ic slla]~c (altl IoIIgl I \vitll  Iou  IIdd
edges) as t.l Iey l)rog[css illt CJ tllc grid. IIowvcr, af[cr
l)cllct,ratioll  of tlIc grid occurs, ulldcrcuttitlg l)y ions
rcflcctcd ill tllc illtcrclectrodc  ga]) alId furtllm cm}
sio]l o f  t,l Ic walls rcsIllts ill all illcrcasc ill tlIc avcrap,c
cross-sect io)la]  area of tlIc cl IaTIIIels. ‘I’l Icsc cfl’ccts  aw
cwt,ittlat,cd to cause 11]) to 50 pcrccllt  lIlorc  llIass 1 0 s s
tllall if tllc cl Ial ItIcls lIad  a u]lifor]tl  l~aralx)lic  cross-
scctio]l. ‘1’llcrcforr,  A, was  rc])rmcllted as a Illliforlll
distril)utio]l mm tllc rallp;c  (1 .(),1 .5),

‘J’IIc cllp,i]lc o])cratillg ])aTaIIIPtcrs  t]lat afkc( accc]

p,ri(l life arc tllc l)calll currc]lt, acccl grid vo]tagc, tllc
ratio of illlj)illgc]lwllt cuIIcl It to lmaln currmt alIcl tl)c
flatl}css  ],ara]llctcr. ‘1’lIe I)calll  currelltl  and grid volt, -
agc  Ivcrc fixed  at tlIe valllcs slIowt I ill ‘J’al)lc (), sillcc
tlIclc e x i s t s  IIO sigtlificallt varial)ility or u]lccrtaillty
regarding tllcir l’dlurs. ‘J’l Ie l~rol)a])ilistic  calculations
J$,crt l~erforl[ld for  rllgille olmratioll ill sl)acc, aIId
tllc rtitio of i]]]j)i]lgcllmllt  currc]lt to lwalll cunc]it was
cl Iosct I to reflect this. ‘1’IIc i]ll])ingc]lmlt.  currcl]t ]lwa-
sllrcd ill g,routld  tests with IIoI)lc gas ])rol)cllallts is IIot

a]l])lical)le  to coll(litiolls  ill s])acc dIIC 1,0 ]Iig;]lcr tank
])rcssurcs. Mcrcllry  d a t a  i s  cxlwctcd to IW rcl)rcwn-
tativc oftllat foutld  w i t h  XrIIOII ill slIacc }wcausc  tllc
l)rol)clla]ll u(iliy,atioll  cflicicllcy and charge cxclIalIgI;c

cross scctiolls arc sitllilar for tlIcw l)rol)cllaltts ill c)l)ti-
]Ilizcd  C]lgillcs a]ld  fit c)])crati]lg  c.c)]lditio]ls collsidcrcxl
ill this analysis [13] .  ‘J’IIc iltl])illgcllmllt currcllt, frac-
tio]l  Iva.s c]laractcrizc(l olI tllc I)asis  o f  d a t a  frcnn 3 0
ClII (Ilrllstcrs Rt lcw }Iack ])rcssurcw  wit]l  Illcrcury a s



. .
Ii(’f. [[)] Ikf. [I 3] lic’f. [?] Rc’f.  [ ? ]

l’r(]I]cllal}t/CJricl lir/iY!o xc/Mo IIg, Xc/hIo IIg, xe/Mo
‘J’alIk 11’rcssurc (I’d)  3 .4 -4 .1  xl(l- ‘{ 1.7 X10-3 I.9X10’:{ (x(’) 8.6 xlo-~  (Ilg)

v. (V) 510 331 510 (xc) 308 (Ilg)
Jb (A) 2.8 3,]9 5.0 (xc!) 2.0 (Ilg)

tla (]Ii A) 35 17.4 47 (xc) fi (lip;)
‘lkst lluratiojl (Ilrs) 633 $)() () !5(;7 (xc) x t3200 (Ilg)

5300 (Ilg) N 200 (xc)
d’}L  (11)111) 1.14 1.14 1 .5? 1.14
l(.C (111111) 2.21 2.21 2.21 2.21
?(JC  (111111) 0.47 0.37 0.37 0.43

0 ().50 0.40 o.b4 0.46

‘J’al)lc 2: Mcasurd valtlcs  o f  crodd arch frfictioll,

tlie ])ro])clla]l(. ‘J’lIc illl])itlgc]tlc]}t  currell( f r a c t i o n s
lIIrasllrd ill [ 2 0 ]  w e r e  s))rcified l)y a lkta distril)w
tioll ra]lgillg fro]]] a lmvcr  I)olllld  of zero t o  a]] ul~l)cr
I)ollll(l  of ().3 ]KTmlt.

‘J’l Ic flatllcss }Jaralllctcr Ilscd  ill t h i s  ]IIodcl  serves
I)ril]mrily to accou]lt,  f o r  IIlacrosco])ic  llc)llllllifortllity
ill tllc II)ass  10ss distril)lllioll across tllc gri(l.  l~or lIIC
M1-10 f a i l u r e  tlic trrlc la(liill ]IIass loss disiril)ll(ioll
w a s  dctcr]nilld }):! sew. -lio]li])g tlIe  grid into col Icc II-
tric ri]]gs  aIId wcigllillg (II CIII. ‘J’IIC  lllC~SlllC(l lIlilSS

l o s s  dislriljutioll CaII I)c rcl)rcsclltcd lIy a flatllcss 1,:1-
rattleter of almut 0.71, wllicll  is I)roadcr tlIa II tlIc cx-
],ecte<l  l,ealIl cl)rrclll,  {Iistril)lltioll (Itil}l  a flat]lcss l,;,-

raltictcr of a])out 0 .5) . A s  discussd  al)ove,  this i s
l)ml,al)ly a f a c i l i t y  effect cfiusd l,y tlIe collcciic,ll  o f
cllargc Cxc]lallgc  icnjs ])roduccd far dcr}vlistrcall).  ‘J’llis
IIlcasulcd Vallle  was lISC’( I in tllc alla]ysis of tl]c test -
k) fai]ilre grid, IJU1 f o r  tlIe I)rol,al)ilis[ic aIIalysrs o f
3 0  ClII C]lgitlc o]>cralioll  ill s])acc  t]Ic il]tl)iltgcllwlll

currctlt flatness l)iirfillwtcr was assl]ltm(l  to equal tllc
lwa][i  flat]lcws  lmrtlllwtcr. ‘J’l]is was rcl~rcsc)lkl l)y a
Il)liforlll  distril)utiol] ovm  tllc range (( ) .4 ,  ( ) .6) ,  ‘1’lic
lllillillllllll  valllc was cl Ioscl I as tllc lower  lillli( for ac-
Cc])tal)lc  cllgillc l~crforlliallcc and tile IIl!lsillllllll  \’illll  C

rc])rcscllts a ])ractical litllit  t o  tl]c acllicval)]c  }Wa III
fliitlless.

‘1’IIc IIlntcrifils cllltlract(’rizz~tioll  il)volvcs  slmif ’yiilg
tile atm]lic ]tmss  o f  tllc l,rol~cllallts a]ld tlIc  atolllic
lllilSS  and ]Ilass  dc)llsity  o f  tllc gri(l IIltitcrials, as  wc]l
a s  tllc tllrcsli  old Cacrgy, llOrlllitl  yirld aIId yield  f:lc.
tor A}, that give  tl)e sl)uttcri]lg cllaractcvistics o f  lIIC
io)l-t, argct,  cc)ltll)illdltic)lls, lbr xcl IolI alId kry])toII  ions

iilcidcllt 011 II IOlyl)drIIIIIII, ( l i e  tllrcsllold cv)crgy val-
ucs  ill [’21] }vcrc usd. No rclitil,lc tllresllo]d  nlc.asurc-
ltmllts were fou}]d for xcllon  iilcidcllt oll carl]o)l, so t.llc
tlircsllold  cl[crg;y for this colnl)illatio]) was mtilnatml
frmn tl)c  sl)uttcrillg yield data.

‘J’llc 1101’lllill yield I,araltmtcrs (J, ~, c, slid d ili tllc
sl)ultcrillp; ]IIOd Clj l’;q. (13), were cstilllatd using data
f o r  kryJ)toll  and xcllol)  oll l])olyl)dc]tu)l)  corrcctcd f o r
scco]ldary  elect roll Clllissio)l  [7]. l;or carlm]),  tlimc are
too few IIwasurc]lwllts  wwilaljlc to cstilllatc a l l  four
I)arallwtcrs slid tllc tllrcsllold cllcrgy. ]Iowcwcr,  tllc

data ill [7,22] for xclloll  01) carl)on arc WCII  rcl~rcsc}lted
I)y a  lil,rtir ltloclcl ol)tail, d I)y scttillg ,!I = c L 1 al, d
d = () ill IIkl. (13). ‘J’l Ir sa]ill)lcs usccl ill [7] were  of all
Iltlsl)ccificd  forltl of carl)oll, wllilr tllosc ill [22] wcw
])yrolytic gral)llitc c u t  l]tirallcl to tllc IIct l)lailc. llc-
causc tl)c  sl~ut!cr yirld for earl.)oll can  vary dq}cncl-
illg oli tl]r tyl)c and cryst:lllc)<;ral)l)ic  oriclltatioll o f
tllc IIltitcridl [23], !Ilcsc data IIlay 1]0( IW rel)rcscllta-
tivc of all lIIC l]rol~osd carl)oll g r i d  IIlfitcrials. ‘1’IIc
avail  al)]c  yield data al)l)car to I)c free frolll  systc]il  -
alic l)iascs dllc to rcsid[lal cltalnl)cr g a s e s ,  lnulti])lc
ion l)rodllctioll, ol)liql]e  ion illcidcllcc  and l)ackscat-
tcrillg of sl)llt.tcrcd atoIIIs  [ 2 4 , 2 5 ]  and tllc data  cx-
IIil)it  liltlc rdlldolll variation, so tllc IIaral)mtcrs were
gil’c]l coliscrvativc f i x e d  val(lcs  tl]at gufiralltcd j,rc-
dictcd yields al)ovc  lIIC II Ieasurcd values ill tllc cllcrgy
raIIgc  of ili(ercst. ‘I’l Ic sl)uttcrillg yields arc slIotvII ill
l’ig.  (7)  and tllc Cslil]latcd l)araltlrtcrs t i r e  givcll  ill
‘Jhllle  (),

‘J’llcrc i s  wry l i t t l e  illforlllatio]l  oli illc cxtcllt to
wllicll  tlic IIct sl)uttcrillg yield call  vary frolll tllc value

10
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11’igIIre  7: hlcasurcd  sl,uttcr yields atId II Iodcl fik.

at lior’lIlal il]cidmlc.c  011 Slllootll  Sllr’firccs, fl]t)l C)ll&ll
litnild data suggcs(,  lllat il i s  dccrcasd I)y surface
rouglll)css [7]. ‘J’lic yield factor Al, was tllcrcforc col I-
scrvativcly set cqIlal to ulliiy.

1{.{! s111(s

‘J’lIr7 t e s t  dcscril)cd i]) [5] Ivas lcrmitlatccl atlcr 6 3 3
lIc,urs  wlicll  d flalic  of sl,llttcr-(lrl)ositccl IIlatcrial
sllor(cd tllc two clcctroc]cs. ]’ost-t,cst cxtilllillatioll  o f
tllc accelerator grid sllowcd  that it was also wry )Icar
struc{ura] f a i l u r e  callscd I)y l)iis a]ld  g,roovcs  forllld
I)y sl)llltcrillg. ‘J’l Ic t o t a l  lllass lc)ss calculatd fro]]!
lIIC iltitia] g r i d  gcolllctry a]ld  llIC llli\SS IIlcasurcd af-
ter tlic test was 62 g. A total ]IIass  1[)ss at failure of
G2 g is l)rcdictcd I)y tllc IImdc]  will)  lIIC S:IIJIC assulnj,-
(icnls fc)r tl]c initial g r id  gcoltlctry if a clla]l]lcl  sllaljc
factc)r  of 1.31 is aswmrd. ‘1’lIc calclllfitcd tilllc to fail-
ure using tllc d r i v e r  v a l u e s  ill ‘Jhl)lc  () is 510 ]Iollrs.
[ f  intrinsic varial)ility it) tllc llorllial sl,utlcr yic]d  i s
wtlall  and tllc sl)uttcril]g factor ~~, is actually equal
k) uliit,y, tllc IIlcasurcd t illlc  to fail[lrc tilid t IIat  givcll
by tllc dctcrlllitlistic calcillalioll S11ONICI I,c co]lIl)ara-
‘h]c, I)ccausc all ot]lcr drivers were lIIrasurcd directly,
‘J’IIc  discrc])allcy is illdica(ivc o f  IImdcl  sl]ccifica( iott
e r r o r ,  wliicl)  lnost, Iikcly  al)l~cars  ill (Ilc va lue  cllosetl
fOr A},. ‘J’llis itl)l)lics  a slight low(,rillg  of t,l]c IIct sl,ut-
II,cr yic]d  duc to rcdcI)ositio]l o f  sl)ltticrc(l alo]ns. A
]lruc vall)c  o f  ().8 fol ~}, i s  suflicicilt t o  cxl)]aill  tl)c

discrc]m]lcy.  If t.llis itilcrJ,rctatioll is  corrcci, tllc er-
ror a s s o c i a t e d  with Al, = 1 rcsul[s ill collscrvatislll ill
tl]c l)rol)al)ilistic calculatiol)s.

l’igilrcs (8), (9)  and (10)  SIIOW tflc calcultikxl  fail-
Ilrc distril)ulio]ls f o r  tllc 3 0  cln cllgitlc wit])  ltiolylk
(Iet]ul]] g r i d s  at 4.65  and 2 . 3  kWc  and wit]]  C.arl)oll

~ri(ls  at 4G~  ~~f)c. ‘J’llc I)cfik of tllc curves rc]~rcscllts
tllc llbO1  life, atid corrcslmllds  a],], roxillmtcly  to tlIc
value of life that \vould  I)c ])rcdictccl  (Ictcrtllitlistically
using l]IC Iioll]illal driver values. ‘J’IIc ullccrtaitlt,y  cal)-
turcd I)y tllc st.ocllastic d r i v e r s  Jo/JL, (l’l’)b  a~ld A,
serves to dccrcasc tllc acccl grid life collsidcral)ly  froln
t h a t  calcula(d wit])  tllc IIolllillal  values. l)ctcrlllill-
istic calculat. iolis  using tllc ]Iollliilal  dr iver  wlucs call
tllclcforc ljrovidc a false scllsc of  secur i ty ,  l.)ccausc
tllcy d o  IIot r e v e a l  tllc illl])act c~f ullccrtaillty ill as
scssilig scrvicc life. ‘1’lIc l,rcdictcd life is also strongly
dcl)cIidc]Il 011 (lIC CIIOSC]I  value of tllc e r o d e d  a r e a
fracliml o.

A t  (lIC 4,6L li\Vc ol,cratillg,  l]oit)t  tllc 30 cln dcsiF;il
Ivi(ll lIIolyl)dc]Illl  II gri(ls  has illsuflicicllt  life, Witfl
a val IIc of 0.4 for  tllc eroded area  frar-tioll  a failure
r)rol)al)ility of 50 I)crcc)lt af ter  o]lly  4 0 7 0  ]Iours  o f
ol)cratioll is calcu]atcd, and tllc 11.1 l i fe  is  less  tl}an
2100 IIours.  ‘1’ltis IIotliitlal  value for tllc e r o d e d  a r e a
frac(ioll ivas cll(xcll I,cca{lsc  it is  t]lc Iolt,cst  c,lwcrvccl
ill tllc groulld-ljmccl t e x t s  sull~lllarizcd ill ‘J’al~]c ( ) ,
l)IIt wc callllot say wit]l  any ccltaitlty that it will l]ot
I)c lower ill sl,acc.

l{ccogllizitlg  tllc risk associated with ol]cratio]) at
4 .65  k\4’c, tlic 2.3 fiWc ol)cratillg ljoirlt  wfis l)rollosrd
for tllc NS’J’Alt cxl~cri]nc)it.  As l’ig.  (9) SIIOWS,  a co]i]-
I,illatiol] of lower I)ca]li  cllrrcllt a)ld Imvcr  aced grid
voltage> at, this dcratd condition  results ill a Pdctor  of
five il]crcasr ill life collll)arcd to tllc 4,65 k\Vc l)oillt.
\\Titll  al) crodd  area fraction of 0.4 tllc 1150 life is
ill cxccss of 2 0 , 0 0 0  IIours  atld tl)c 11.1  life is  10,600
IIours.

‘J’l)c itlll,act of adval)ccd ?;rid mat,crials is SIIOIVII l)y
tlIc  l i fe  asscssilml,t  o f  carl)c)ll  ol)tim irl l’ig.  (10). A
l(nvcr sl)utter yic]d  and lli.c)lcr  atolll IIultll)cr  dcllsity
resul t  ill all order of ltlagtlitudc illcrcasc it) life CO III-
l,i+rcd to IIIOlyl)dCIIIIIII grids. l;vcl]  at tllc dcrllallditlg
4.65  kWc  ol)cratit[g,  cmlditiol] tllc 11.1  l i f e  i s  IIcarly

] A }1-life is lIIC val IIc of acru II IIIla  Id Ol)crat illg ti]~)c to fail.
1110 at a fail(]tc  },ld, itl, ility Sl)ecific(l as a ],c KY.11( ; c.g,,, }). ] is
tlIr life at a ],ml,al,ility  of O.001 OI 0.1 ]>CKCII( aIId }150 is tlie
life al a ])mlml}ility  of 0.501 50 ],cwc]lt.
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1 ,ifc (hears)

l’igurc 8: l’mljal)ilislic life asscssIIIPIIt
al 4.6b klVc wit]i Mc) grids.

2 2 , ( ) ( ) ( )  IIotirs  al)d  tllc 50 l~crccl]t  fai]llrc IJrol)allilily

Occllls  at 42,000  IIc)lll’s.
‘Jlic  lmralnctric  study d tlic croflcd a r e a  fraclioll

SIIOWS that it is OIIC of (IIC l]mt illl])ortallt  drivers ill
dctcr]llillillg acccl gr id  life.  AI I a]lalysis of tlIc  scl I-
sitivily to tllc oll IIrr stochastic drivers }Yas  also coll-
ductcd and is slImvII for olleratiol] lvillt  II IOlyl JdCIIIIIII
gr ids  at 2.3 k\’lc it] l’ig.  (1 1). 111  this analysis illdivi(l-
ual d r i v e r s  WCIC nllowccl tc) vary  Ivllile  t.llc otllcr ])z4-
ral[ldcrs wrc lICM f ixed  at tllc ]Io]llillal  v a l u e s  al]d
tllc resul ts  colnl~ard with that ill wllic]l  a l l  dr ivers
wcw allowd to vary. ‘.I’l Ic rcsulk sl)ow wllicll  drivers
collfril)lltc tile 1110s1 to tlIc Icductioll it) ]ifc fro]]] t]lc
f i x e d  driver case. IPor  tllc designs col[sidcrcd IIcrc,  lIIC
llllccrtaillty ii) tllc i)lll)il~gcllwllt  curmlt co)ltril)utcs
tllc l[iost to illc fa i lure  risk, wi th  flatllcss l)aralilctcr
and Cl IaIIIICl sllal)c fnctor I)layillg  sligll~.ly lesser IOICS.
Setlsitivity atlalyscs colIdlIckd for tllc otlIcr two cases
yielded sil[lilar results.

111  l’ig.  (12) tllc life distril~utioli  Iviill variation of ;Ill
drivers is coltll)ared tocalco]atiolls ill ivllicll  tllrsllalw
faCtOl A. WIIS  IIf?ld  fiX(’d at tllc’  II[)ltlillill  V:lllle a]ld  t i l e

ul)])er  atld  lm’cr  })oIIIIds of tllc s])ccificd distril)ulioll.
‘J’llc curve gcllcratcd I)y salnl)lillg  frolll  a ullifor)ll  dis-
tril)utiml l)ctwccn tllc tww cxtrc)lm Illcrgcs Jvitll tllc
curw fixed  a t  tlic IIolllillal  vallle o f  1.2~ at tllc 11!)0
IIoillt, as  cxl)cctc(l. l~or lolvcr  val IIcs of tllc f a i l u r e
],rol)al)ilit,y,  I[owcvcr,  t,llr  cllrvm divcrp,(  ?IIId tllr l)rol)-

1 ,ife (tmars)

liigllrc 9: l’ro])al,ilistic life  asscssltlctlt for  ol~cratiol].
al ?,3 klf’c  wit]l  h!o grids.

Ijifc (Imars)

1+’ig,{lrc  10: l)rol)al)ilistic life asscssttlcllt for oljcratioll
a t  4.6LI k\l’e willl  {; grids.
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l’ig(lrc  1 1 :  ]’rolml)ilistic  smlsitivi(y  analysis f o r  2.3
kWe  ol,crat ion kvitll Mo guids  a]ld  a]) crc,dul awa
fraction of 0.4.

al)ilistic  ca lcula t ion]  lnovcs toward loller liws, ‘1’11(’
lcf{-llrrrld  t a i l  o f  tllc failure l)roljal)ility  dis(ril)u(ioll
i s  afl’cctcd  hy tlIc Ilmrc ccrllscrvative IJcrliolls  o f  tllc
driwr distrillutimls.

A])])  ro/ic.lI[>s  t.{, M}llliigi]lg 1{.isk

‘J’lle l)rokl)ilislic acccl g r i d  scrvicc life j]mdcl
clcar]y deltmllstralm tllal tllc risk is drivcll I)y l a c k
o f  kIIowldgc, l~ar(icular]y wit])  rcsl)cct to tllc eroded
a r e a  fractiml 0, tllc sl)utterillg factor A], and tllc illl-
lJil]gcltml]t  currcnlt f rac t ion Jfl/JL.  Slllwqucllt actiw

itics will Iw dircctd toward acquiring llmm  illfoltll:i-
timl 01) tl)csc dr ivers  as  wc]l as illl])lclnclltitlg  dcsigtl
illll)rovcltlcllts  wllicll  rdl)cc tl]c sl)uttcr crosioll and
dccrca.w tllc rcquird gr id  service life.

II)fbnllnt,iol]  A cqllisitic,l]

A  )Iult]lm of exl)crilllcllts illvolvitlg  cx~]llillatioll  o f
crosiml lmttmlls ill tllill col)]wr  fillns dclmsitcd ml a
lldyl)dc]llllll acccl grid arc l)ltill]lcd  at, J]’], to dck~r -
II]ille n o w  tllc cro(lcd a r ea  fraction wrrics  lvitll  laIIk
l)rcssurc, l)cal]l currmlt, acccl :;rid vo](agc aIId  ],ro

lwllallt,  sl)ccics. USC o f  tllitl fil]lls  lwrtllits drtcrttlilltl-
tioll of tllc areas sl)l,jcct to (IIC llip;llcst, illll,illgclllcllt
currcllt dcllsily ill rclativc]y sllortl  duratio]l tests. II I

addi t ion ,  l’;l{ 1;, lIIC. w i l l  colltilllle tllc dcvelol)))lc]lt

.
‘1 OOOO

1 .ifc (hours)

l’ig~lrc 12: l’aralllctric study of cllallllcl sllal)c f a c t o r
f o r  2.b k\l’c o],cratioll Ivitll  hf(,  grids (o = ( ) . 4 ) .

c~f ljlasitla silla]lrttioll codes to l)rdict illll)illgclIlclit

io)l t rajrctoricw  [3]. ‘J’llc  ol)jcct ivc of t Iicsc  cflbrt,s  is
t o  ddcrll]i]lc lJoul Ids 011 tlIc vdlue  of o t]lat, CaII  ].rc

illcor]mratccl  ill tlIc ]Jrol)al)ilistic  al[alysis.

A  silllulatioll code is also l)cillg dcvclo]ml  at J]’],
t o  track tlIc trajcctc~rics of sl,llttcrd atollls and tile
growth of tllc crosioll gromm. ‘1’llis will l)rovidc illfor-
ltlatiol]  olI tllc  efl’cct o f  rdq)ositioll on tllc ]Ict  yield
that call  l)c illcorJ)c)rated  ill tile analysis a s  a  l~roLa-
ljility distril)ut io]l fbr tile ljarallmtcr A},. ltdillclm]lts
t o  tile l)lasllla silliulatioll c o d e s  dcvelol,d  l.)y I;I{C,
IIlc. and furt]lcr cxljcriiilc))ts and alialytical lllod-
cling al (;olorado Statr Ullivcrsity [1] should l]rovidc
addi(io]lal  illfortllat iol) ml tllc value of Ja/Jb  ill s])w-c.

III tlIc IIcar  futrlre, mlativc sl)uttcr y i e l d  l])casurc-
]tK]I[s  ~vill Iw lwrfort[lcd at J]’], o]] salol)]cs of llmlyl)-
dcllultl, gral)llilej carl)oll-carl)oll  sllcct,s  and dialno)ld
filtlls  to illll)rove tllc Ilmtcrials ]tmdel. Almolutc sl)ut-
tcr yields lllay a l s o  Iw IIwzlsurd to sul)l)lcnwllt tlic
lilllitcd datal)asc folll)d  ill tllc l i t e r a t u r e ,

‘1’cclll]o]ogy dcvck)l,llletlt f o r  tllc NS’1’A1{  l)rogralll
will also yield additio]la]  driver itlforlnatioll. ]“or cx-
rrllll)le,  fllrtlicr dcvclol~lllellt  o f  t.llc 30 clil  rillg;-cusl)
t h r u s t e r  at tlir N A S A  l,cwis l{cscarcll C;clitcr  ~vill
I)rovidc  a lwtter cllaraclcrizatio)l  ofol)cratitlg I,aralm
ctcrs SUCII  as tllc I)calll  flattlcss. II) addition, twc) 2000
hoar tests  and mic 12 , ( ) ( ) ( )  l]our c]]dura]lce  test a r c

]IlalIIIcd a s  ]~art o f  NS’1’Alt, ‘1’IIc 2000 IIc)ur tests, to



I,c coIIdNctd  ill two dif[’cmlt faci l i t ies  will)  di(liuctlt
ta])li  ]Jrcssur-cs,  arc tcm snort to afltict  failure risk  cs-
tilllntes fbr ]ol)g duratiol[ IIlissiolls,  l)ut w i l l  l)rovidc
valual)]c illforlllatioll 011 tllc ol)crati)lg conditions a]id
cvosioli  lxrttcrns and lnay reveal ullall(icil}atd failure
I] KKICS. ‘J’l Ic 12,000  IIour  kst will yic]d  additional iti -
forlimtioll  01) drivers and tllc succcss or failure of this
test call I)c used  d i rec t ly  to  iltlJ)rove  tl)c ]Jrior  distri-
l)utioll.

]k!sigll 1111] )1’{)}’clllcl)t!s

‘1’IIc II Iodcl dcllmlstratcs tllc h-cltwlldous lJotctl-
tial o f  iltll)rovcd g r i d  IIldtcrials. l)w’lo])lllcllt o r
gral)llilc [15], carl]oll-carljolt [16,17,18] and (liillllOlld

F;rids [19] is contilllli]lg. III additiml, scrccll-acce-
IIcgative dccel (S J4iNl)) tllrw-grid oljtics arc l~cillg
sirldicd a s  olIc a])]) roacl) to rcdacillg  s])ut!cr cro

sioll [?, ]b]. III t h i s  o])tics collfig;(lrfitio)l  a tllild glid

l o c a t e d  dov’llst  rcn]ll wil]l a llC,gilti  VC I)ias  Soll]cwl]at
less  ill IIlaglliirldc tllall t h a t  o)t tllc acccl g r i d .  ‘1’llis
e l e c t r o d e  tlICII collects II IOS( of tlI(’ cllargc  cxcllallgc
io]ls at a low mlougll  cllcrgy to avoid  ral~id s))ut  kr-
itlp,,  c(l’cc(ivcly  sllicl{lillg  (lie  acccl grid. ‘J’IIc acccl grid
voli,agc  call  also l)c lowered ill this collfigaratio]l, so
that tllc ions that do illll,it,gc c)], il cauw Icss  dalllage.

lJSC of scgllwlltcd  ion cllgillcs is allotllcr risk II IaII-

agClllcllt  al)l)roaclll  w]licll  Cxl]loits  tllc tllrot,t]i~lg  IC.
quirclmlit,s of ccrtaill ]Inissioll al)l)licatiolls  to rcducc
tllc grid service life rcqllirctllclils [26,1.5]. III this ar-
cllikcturc, four or ]norc ion sources  arc  used wit]l
a  colt]]tlol)  IIeutra]lizcr slid l)cnvc-r  IJroccssillg Illlit (0
forlll a si)lglc  cllginc. ‘J’llrottlillg is accoltl])lisl~cd  I)y
tr]rtlitlg ofl” scgtllcvlts,  cfl’cctivcly  savil]g tllclll f o r  usc
]atcr WIICII OIIICI scglllcnts IIavc  rcacllcd tlicir dcsigll
l i f e .  lky)elidillF;  ()]I  tllc lnissiml tllrottli)lg reqllirc-
llmlts, tliis aljl)roacll call  rcsalt ill a  sigtli(icall! m
dllctioll  ill tllc reqllircd grid service life.

Co:)c.lllsiolls

A l)rol)al)i]istic asscsstl]c]lt of acwl grid scrvicc life
i)lcor])oratillg ullccrtaintly  al)oll!  !Ilc F;ovcrliillp; l)a-
rallwtcrs reveals that tllc scrvicc life at all acccl)taljlc
failure risk is colisiclcral)ly sllortc-r  than  dctcrlllillis-
tic calculations suggest. (;ollvclliio)lal  3(I CIII IImlyl)-
dclllllll g r i d s  Ilaw wry lilllitcd l i fe  at tllc 4.M k\Yc
oljcratillg ]willt. II)cratillg tllc cllgillc to 2!.3 k\J’c  or

usilig carl)ml g r i d  IIlatcrials yields a sulmtalltial i)l -
crcasc ill service l i fe .  lJsillg tllc l)rol)al]ilistic ]nodd
to slady driver se]lsitivitics SIIOWS  that urlccrtailltics
akat eroded arm fractio)), IIct s})uttcr yield and illl-
],iilge]I]c]lt  currclll fraction in sl)acc arc tl)c IIlajor risk
drivers. l; flt)rts to ol]t sill lllorc i]lforlllat io]l al)out,
tllcsc d r i v e r s  IIavc l)cw) illitiatcd, as well  as tllc de-
vck)l)llwll(  o f  ittll]rovcd  Cl)gille dcsiglls cclltcrillg 0]1
tlIc use  of carlk)ll lllatcrials iIIId  cllaligcs  ill ic,ll  o])tics

alId cltgillc col)fig; aratio]l.
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